Tracer experiments of Wood, Werkman, Hemingway & Nier (1941) and of Evans & Slotin (1941) suggest that the order in which citrate, .i8ocitrate and cis-aconitate arise from oxaloacetate and pyruvate in pigeon liver is: oxaloacetate +yuae--c8-aconitate i8ocitrate.
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and not, as had originally been suggested (see Krebs, 1943) , oxaloacetate +pyruvate ci 8-acontate = ocitrat. In order to be able to examine the new hypothesis we have worked out methods for the micro-determination of ci8-aoonitic and i8ocitric acids, a preliminary account of which has been published in the Proceedings of the Biochemical Society (Krebs & Eggleston, 1943 b) . So far no specific micro-methods for the estimation of the two. acids have been described. The polarimetric method (Martius, 1938) for the determination of i8ocitric acid, based on the high rotation of the molybdate complex of the acid, is unspecific and is thereforenot generally applicable. Moreover, this method requires comparatively large quantities-about 25-50 mg.-if the determination is to be reasonably accurate. The determination of isocltric acid by isolation of its dimethylester lactone requires even larger quantities. The microdetermination of cia-aconitic acid (Johnson, 1939) , depending on the manometric measurement of the hydrogen required for quantitative hydrogenation, is likewise unspecific and applicable only if other unsaturated compounds are absent.
The following principle permits the determination of a few milligrams of (-)isocitric and ci8-aconitic acids in biological material provided that citric acid is not present in very much larger quantities. Three portions ofneutral tissue extract or tissue suspension are measured. The first is incubated with 'aconitase' whereby i8ocitric and cs8-aconitic acids are converted into citric acid, the latter being determined according to Pucher, Vickery & Leavenworth (1934) . In the second portion citric acid is determined directly. From the third portion cis-aconitic acid is removed by conversion into the trans-form; it is then treated like the first sample. The difference in the citric acid content between the first and second samples indicates the sum of (-)i8ocitric and c8-aconitic acids in the sample; the difference between the second and third the amount of (-)i8ocitric acid; the difference between the first and third the amount of cis-aconitic acid.
Thus the determination of the two acids requires three determinations of citric acid. If only one of the acids is present (apart from citric acid) two citric acid determinations are required.
I. DETERMINATION OF CITRIC ACID The method of Pucher, Sherman & Vickery (1936) for oolorimetric citric acid determination in biological material (based on the conversion of citric acid into pentabromoacetone, which yields a yellow colour on addition ofsulphide) is highly specific and is applicable to small quantities (0 2-1.0 mg.) of citric acid, but has one major disadvantage: its limits of error are considerable, amounting to about 10 % when the method is applied to animal tissues. We have not been able to identify with certainty the steps where the errors arise; it is probable that they are connected with the relative instability of the colour-giving compound under the conditions of the estimation. This instability is shown by the following observations: 1 mg. pentabromoacetone was dissolved in 1 ml. 4% Na.S, diluted with 5 ml. of water and 4 ml. of dioxan, and shaken for 15 min. with 50 used and a few grains of alundum or quartz. The solution is boiled to remove H2S and to reduce the volume to about 7 ml. After cooling, 1-5 ml. KMnO4 (4.7 %) are added; after about half a minute (during which the purple colour of the solution must be maintained, if necessary by further addition of KMnO4) enough H202 (about 0*5 ml. '100 vol.') is added to decolorize the solution.
Titration. The solution is acidified with 2 ml. conc. HNO3, and 1 ml. iron alum solution (100 g.
Fe(NH4)(SO4)2. 12H20 dissolved in 100 ml. water) is added as indicator. When less than 2 mg. citric acid are expected to be present, 5 ml. 0 01042N-AgNO3 are added and back-titrated with 0-01042w-KCNS. When more citric acid is present, larger quantities, or more concentrated solutions, of AgNO3 must be used. 1 ml. 0-01042N-AgNO3 is equivalent to 0-4 mg. anhydrous citric acid. Deproteinization. For testing the loss of citric acid in the course of deproteinization, a muscle suspension containing 20g. minced muscle and 100 ml. phosphate buffer was heated to 58°for 1 hr., in order to inactivate aconitase. To 10 ml. muscle suspension were added 5 mg. citric acid (as citrate), a deproteinizing agent and water to make up to 50 ml. The recovery is shown in Table 2 . The data show that recovery is complete when metaphosphoric acid is used. .3-9
ESTIMATION OF i800ITRIC AND c8-ACONITIC ACIDS must be borne in mind that biological material may contain substances other than citric acid which, under the conditioif of the estimation, form either pentabromoacetone or other organic bromine compounds reacting like pentabromoacetone (i.e. passing into the petroleum phase andliberating Br ions with Na2S).
None of the following substances when tested in quantities of 100 mg. yielded 'citric acid': succinic, fumaric, maleic, tartaric, malic, lactic, pyruvic, oxaloacetic, acetoacetic, a-hydroxyglutaric, oc-ketoglutaric, acetic, malonic, glutaric, adipic, isocitric, cis-and trans-aconitic, acetone dicarboxylic, tiglic, meconic acids; glucose, glycerol, ethanol, ascorbic acid, glycine, alanine, glutamic acid, phenylalanine, coumarin and'coumaric acid.
On the other hand, a number of substances shown in Group II contains compounds which have not been reported to occur in biological material. As a rule, therefore, they need not be considered. Group III includes substances which occur widely in biological material: aspartic acid, asparagine, tyrosine, fi-hydroxybutyric and quinic acids.
The first two compounds yield small quantities of 'citric acid' and therefore interfere only when their concentration is at least 10 times that of citric acid. Tyrosine can be removed by adjustment of pH to about 5B0, and filtration. ,-Hydroxybutyric acid, as far as is known, occurs in animal material only. Since 1 mg. simulates about 0-2 mg. citric acid, the citric acid determination is unreliable when significant amounts of,-hydroxybutyric acid are present.
Modified colorimetric procedure in presence of interfering substances. To overcome this difficulty we make use of the fact that the bromine compound arising from ,-hydroxybutyrate (which is not pentabromoacetone) forms on treatment with sulphide a very much weaker yellow colour than pentabromoacetone. Hence fi-hydroxybutyric acid interferes relatively little when the colorimetric method of Pucher et al. (1936) is used (as already noted by these authors). The procedure for this method follows that described above up to the stage of the washing of the light petroleum extract with water. The organic bromide is then extracted successively with 3, 2 and 1 ml. of alkaline Na2S solution. The extracts are drained into a 10 ml. measuring cylinder containing 2 ml. dioxan and further dioxan is added to make the volume up to 10 ml. After filtration the colour is compared with a standard prepared from 1 mg. citric acid. The specimen examined should not contain more than 1 mg. citric acid. The colorimetric method should also be used where aspartic acid and asparagine are present in larger quantities.
Quinic acid is known to be a common constituent of plants; Gorter (1909) claims to have detected chlorogenic acid-a depside yielding quinic and caffeic acids on hydrolysis-in the leaves of 98 out of 230 species tested. As quinic acid forms citric acid on treatment with oxidizing reagents (Fischer & Dangschat, 1934) it is not surprising that, when treated with KMnO4 and Br, it forms pentabromoacetone (which was isolated and identified by m.p., mixed m.p. and Br content). Fortunately small amounts of quinic acid-below 5 mg.-yield only negligible quantities of pentabromoacetone. The problem arising from the presence of larger quantities of quinic acid and its precursors has yet to be solved.
It will be noted that both B-hydroxybutyric and quinic acids yield more 'citric acid' the stronger the acidity during the bromination. For this reason a lower degree of acidity was adopted for the routine procedure although the yield of pentabromoacetone from citric acid under these conditions is only 97%. This deficit was corrected by multiplying the result by the factor 1-031. Effect of glycerol on the stability of aconitase. Treatment of freshly minced tissue with S vol. of ice-cold ethanol or acetone and rapid drying resulted in the loss of the major part of the original aconitase activity as did drying of muscle in vacuo over P205. Addition of glycerol had a stabilizing effect on aconitase in tissue extracts, as shown in Table 7 . However, the relatively'large quantity of glycerol necessary for the stabilization was found to interfere with the citric acid determination, by reducing very large quantities of KMnO4, and we therefore abandoned the use of glycerol extracts. The procedure for the determination of isocitric acid, as described later in this paper, requires an activity equivalent to a rotation of at least -0 50°u nder the above conditions; the preservation of the enzymes by freezing is therefore satisfactory. Pigeon breast muscle can be replaced by mammalian heart muscle whose aconitase activity is only slightly lower than that of pigeon breast muscle.
It follows from
Inhibition of aconitase. The effects on aconitase of a number of substances which might occur in material to be tested for isocitric acid were examined under standard conditions. As shown in Table 8 , Stability of aconitase in frozen tissue. Freezing minced pigeon breast muscle in the freezing chamber of a refrigerator, as recommended by Cohen (1940) the chlorides of Ca, Ba aiid Mg (0-01M) had no effect. Oxalate somewhat accelerated the reaction, an effect which is so far unexplained. Cu ions, HgCl2, HCN and Na2S in relatively low concentrations inhibit the enzyme. No significant inhibition was found with various animal and plant tissue extracts, but it is evidently necessary to examine the activity of aconitase in media containing untested substances before the enzyme is used.
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III. PROCEDURE FOR THE DETERMINA-TION OF THE SUM OF (-)isoCITRIC AND ci8-ACONITIC ACIDS The material containing suitable quantities (0.5-20 mg.) of the acids to be determined should be neutral and must not contain substances which precipitate protein or otherwise inhibit aconitase. 30 ml. of the neutral solution or suspension, or smaller quantities diluted to 30 ml., are mixed in a 50 ml. graduated stoppered measuring cylinder with 5 ml. phosphate buffer (pH 7*4; 0.1m) and 5 ml. 'aconitase' (1 g. frozen pigeon breast muscle or mammalian heart muscle suspended in 5 ml. water). The mixture is placed in a water-bath at 400 for 60 min. and occasionally shaken. In a second 30 ml. sample of the material aconitase is replaced by 5 ml. water; it is otherwise treated in the same way. At the end of the incubation 20 % metaphosphoric acid is added to make the volume up to 50 ml. The precipitate is ifitered off into a graduated cylinder, the volume of the filtrate is measured, and citric acid is determined as described in § I.
If 30 ml. of the solution or suspension do not contain enough of the acids to be determined, larger quantities are taken and the amounts of buffer, aconitase and metaphosphoric acid are increased in proportion.
Lacto-s8ocitric acid which may be present in dried material derived from -certain plants does not react with aconitase (see later). If the lactone is to be included in the determination, it must be hydrolyzed before treatment with aconitase as described in § V.
Calculation. Let a=the initial amount of citric acid in the sample (as determined in the control sample not treated with aconitase); b =the amount of citric acid in the sample after incubation with aconitase; x =the sum of ( -)isocitric and ci8-aconitic acids in the sample. The equilibrium mixture of the three tricarboxylic acids contains (approximately) 89-5 % citric acid, 6-2 % isocitric acid and 4.3% aconitic acid (Krebs & Eggleston, 1943a*) . The concentration of isocitric acid is thus 6-93 % and that of cis-aconitic acid 4-81 % of the concentration of citric acid when the equilibrium is established. The final concentration of isocitric acid in the sample, after treatment with aconitase, is therefore 0-0693b, that of cis-aconitic acid 0-0481b. The sum of the initial amounts of the three acids equals the sum of the final amounts.
a + x = b + 0.0693b + 0-0481b, or x = 1-117b -a.
(1) a, b and x in (1) refer to molecular equivalents, but not to weights. If a and b are expressed in mg., x is the sum of (-)isocitric and cis-aconitic acids expresed in mg. of isocitric (or citric) acid.
Accuracy of the determination of the sum of (-)isocitric and cis-aconitic acids. The accuracy of the method largely depends on the accuracy with which the difference between a and b can be measured. The larger the amounts of citric acid relative to the amounts of isocitric and ci8-aconitic acids in the sample, the greater are the errors in the determina-* Martius & Leonhardt (1943) found independently and with partly different methods 89.2% citric acid; 7.7% ieocitric acid; 3'1 % cio-aconitic acid. tion of the difference. If the concentration of citric acid is 10 times above that of the other two acids the method becomes unreliable. If, on the other hand, the other acids prevail, their determination may be as accurate as the citric acid determination, viz. + 3 %..
The accuracy would also be affected by errors in the figures for the composition of the equilibrium mixture of the three acids in the presence of acomntase. The data so far available (see Krebs & Eggleston, 1943a; Martius & Leonhardt, 1943) are only approximate, and the error in figure for isocitric acid may even be of the order of 15%; for the published values given for the specific rotation of the molybdate complex of isocitric acid-on which calculations of the isocitrate concentration have been based-differ considerably; Martius (1938) found -413°, Pucher (1942) -363°. The error in the figure for ci-aconitic acid is probably no more than 5 %. However, the calculation according to the formula (1) does not directly depend on the accuracy of these data, but on the accuracy of the figure for the concentration of citric acid in the equilibrium mixture. Errors of 15% for isocitric acid and 5 % for cis-aconitic acid, even if they were additive, would cause an error of only 1' 1 % in the value of citric acid (on the highly probable assumption that the equilibrium mixture contains no other acids). The factor 1-117 used in formula (1) may therefore be taken to be accurate within 1-1%.
Recovery of pure isocitric and cis-aconitic acids Preparation of synthetic lacto-isocitric acid..To test the method synthetic preparations of the two acids were used. Fittig & Miller (1889) prepared isocitric acid and lacto-isocitric acid from trichloromethylparaconic acid by converting the latter first into Ba-isocitrate and decomposing the latter with H2SO4. According to Nelson (1930) Recovery. Table 9 shows that recovery from pure solution is satisfactory, the error of a single analysis being no more than 4%. IV. SOME REACTIONS OF ci-ACONITIC AND iwoCITRIC ACIDS As a preliminary to work on the separate determination of the two acids it was necessary to study: (a) the stability of cis-aconitic acid and the interconversion of the Ci8 and trans acids; (b) the interconversion of isocitric and lacto-i8ocitric acids; (c) the behaviour of lacto-isocitric acid towards enzymes.
Known quantities of the acids were exposed to varying conditions and their concentration was measured by the method described in the preceding I944 section. The method permits the determination of cis-aconitic acid in the presence of trana-aconitic acid, and of isocitric acid in the presence of its lactone, for tran8-aconitic acid and lacto.i8ocitric acid do not react in the presence of aconitase to form citric acid.
StabiliUty of cis-aconitic acid in aqueou. 8olltiof8. Few details are known about the stability of ci8-aconitic acid and its salts. Malachowski & Maslowski (1928) state that in aqueous solution cw-aconitic acid is completely converted into the tran8 form in 5 min. at 1000 and that at 60°the major part of the acid is transformed in 10 min. Our data ( Behaviour of lacto-isocitric acid toward enzymes. As Hydrolysis of isocitric acid lactone. When 0-2 ml. i8ocitric already reported by Martius (1938) apd confirmed by acid lactone was added to 3 ml. 0-02m-NaHCO3, saturated 
(-)i8o-
CITRIC ACID AND ci8-ACONITIC ACID The separate determination of these two acids met with unexpected difficulties when the following principle was applied. In a measured portion of the material the sum of the acids was measured. A second portion was acidified and evaporated to dryness. As shown in Table 13 , ciwaconitic acid ii quantitatively removed from pure seolutions by this treatment and it was expected that thus the remaining i8ocitric acid.could be determined separately; the difference between the results ofthe first and second analyses would then be the amount of cis-aconitic acid in the sample.
However, whilst it is posAible to remove cis-aconitic acid from pure solutions, we find that its conversion into the trans form is not quantitative when certain other substances are present; among these are citric acid, isocitric acid and plant tissues. Under the conditions tested, between 4 and 16% of the added cu8-aconitic acid remained unchanged. We have not yet found a method which removes cis-aconitic acid, quantitatively without affecting the concentration of uocitric acid, and as yet the following procedure is the best available for the separate determination of the two acids. The method gives correct values for the sum of the acids, or for the individual acids when present alone. When both are present in about equal quantities the values for isocitric acid are between 10 and 20 % too high, those for cis-aconitic between 10 and 20% too low.
Procedure. In the first two measured portions the sum of the two acids is analyzed as already described. A further portion, in a porcelain evaporating dish (about 8 cm. diameter), is acidified with 1 ml. conc. HCl. The dish is heated on a steam-bath for 30 min. after the evaporation of the water. After cooling, the material is dissolved or suspended in 10-15 ml. water, quantitatively transferred to a 50 ml. stoppered measuring cylinder and made alkaline to phenol red with 2i-NaOH. A further excess of 1 ml. 2N-NaOH is added to hydrolyze the isocitric lactone. Incubation at 40' completes the hydrolysis within 30 min. The next step is the adjustment of the pH to 7-2-7-4 (orange to phenol red) with m-H3PO,. The material is diluted to 35 ml. and is then ready, without further addition of buffer,-for treatment with aconitase as described in § III.
L. V. EGGi(kLEST'ON I944 Calculation. Let a =the initial amount of citric aoid; b =the amount of citric acid after treatment with aconitase in the sample containing cis-aconitic acid; b'=the final amount of citric acid after treatment with aconitase in the sample from which c8-aconitic acid has been removed; y=the amount of (-)isocitric acid in the sample; z=the amount of cis-aconitic acid in the sample. Recovery.. Applying the foregoing procedure to pure mixtures of (-)i8ocitric and ci8-aconitic acids, we found the following recovery: (equimolar) citric acid. Whilst recovery of the sum of the two acids was satisfactory the yield of iwocitric acid was too high and that of ci-aconitic acid too low. In other words, part of the cis-aconitic acid appeared as isocitric acid. This was not due to a formation of isocitric (or citric) acid from aconitic acid during the treatment with hot HC1 and dry heat, but to the incomplete conversion of the cis into the trans form.
Further data showing the-effect of various substances oil the conversion of cis-into trans-aconitic acid are recorded in Table 13 . Only when no other substances are present is ci-aconitic acid quantitativelyremoved on evaporation ofthe acid solution. 'lr% r-s _-"f r IM -.
ESTIMATION OF i8oCITRIC AND ci-ACONITIC ACIDS
As yet the available evidence does not indicate that ci8-aconitic acid occurs in biological material except in very small quantities as an accompaniment of citric acid in animal tissues (and under artificial experimental conditions) . In many cases, therefore, isocitric acid will be present alone, so that no error will result from incomplete removal of cu-aconitic acid.
Specificty of the method. The specificity of the deternination of iwocitric and c8-aconitic acids depends on the specificity of the aconitase preparation used. The two tricarboxylic acids are the only substances at present known to form citric acid under the conditions of the test. Although fresh muscle can under certain conditions form citrate when oxaloacetate is available, this does not apply to dilute suspensions of frozen muscle as used in the above procedure. There is therefore good reason to assume that the specificity of the method is very high, if not absolute. Thus if incubation with aconitase increases the amounts of citrate this increase is in all probability due to iwocitrate or c"-aconitate. If, however, citric acid is present in the material, an error can arise from the fact that the specificity of the determination of citric acid,is not absolute. The calculation of the amounts of iwocitric and cis-aconitic acid is based on the assumption that addition of aconitase removes 10-5% of the preformed citric acid. Any 'pseudo' citric acid would not be attacked by aconitase and therefore simulates igocitric or cis-aconitic acid in an amount equivalent to 10-5% of the 'pseudo' citric acid.
It follows that if the citric acid determination shows no increase after incubation or with aconitase such values of 'i8ocitric' or 'ci8-aconitic' acids as may be arrived at by applying formula (1) are somewhat uncertain.
VI. PREPARATION OF BIOLOGICAL MATERIAL
Extracts from animal tissues should be neutralized and, as already pointed out, must not contain substances which inhibit aconitase. Animal tissues should be minced or otherwise broken up, but it is not necesary to remove the tissue particles or proteins before the addition of aconitase. The methods as described can therefore be applied to suspensions of animal tissues without modification. Since plants may contain trans-aconitic acid-it has been isolated from many species*-special care is required to avoid the artificial formation of ¢i8-aconitic acid from the trans form. Drying of plant material at high temperatures, as practised for general analytical purposes by Pucher et al. (1941) , is evidently unsatisfactory (see Tables 11 and 12) Bennet-Clark, 1933) .' Since the term 'malic acid' in this context was usually meant to include 'Crassulacean malic acid' it seemed of interest to reexamine the nature of the acid changes. Tables 15 and 16 confim (see Bennet-Clark, 1933 ) that the diurnal changes chiefly, though not exclusively, affect malic acid. In Bryophyllum 83 % of the changes in concentration of organic acid is due to malic acid, 8 % to iwocitric acid and 9 % to citric acid; in Sedum 79 % is due to malic acid, 9 % to isocitric acid and 12 % to citric acid. It will be noted that the changes in organic acid concentration considerably exceed the changes in titratable acidity. As already pointed out by Bennet-Clark this indicates that part of the organic acid in the leaves is ionized. and its specificity is exam,ined. ,-Hydroxybutyric and quinic acids are the most common substances in biological material which simulate citric acid. When f-hydroxybutyric acid is present the colorimetric method of Pucher et al. (1936) is preferable; the acid does not interfere with this method as long as its concentration is not more than 10 times higher than that of citric acid. 2. For the determination of (-)i8ocitric acid and cis-aconitic acids the material is divided into three equal portions. The first is treated with aconitase, and the citric acid formed from i8ocitric acid and ce-aconitic acid under the influence of this enzyme is determined. In the second, citric acid is determined directly. From the third portion cis-Aconitic acid is removed by conversion into the trans form before it is treated in the same way as the first sample. The difference in the citric acid content between the first and second portions indicates the su:m of (-)isocitric and aconitic acids, the difference between the second and third the amount of (-)WOcitric acid, the difference between the first and third the amount of cw-aconitic acid.
3. An aconitase preparation suitable for analytical work is described and its properties are examined. Unlike fumarase, aconitase is unstable in aqueous tissue extracts. The enzyme is fairly stable in frozen ti#sue; it is inhibited by Cu ions, HgCl9, HCN and H2S.
4. Methods for the preparation of r-lacto-wiocitric and of cwe-aconitic acids are described.
5. The stability of cis-aconitic acid and the interconversion of c6s-and trans-aconitic acids is investigated, the measurements being based on the fact that aconitase reacts with the ciu form only. cisAconitic acid was found to be much more stable than data in the literature suggest; e.g. in neutral solution only 4 % disappeared in 24 hr. at 200; at 1000 12% was lost in 2 hr. tran8-Aconitic acid is converted into the cw form in acid or alkaline solution at 1000; the yields may exceed 30%.
6. Pucher & Vickery's (1942) discovery that the 'Crasulacean malic acid' is (-)i8ocitric acid is confirmed. Leaves ofBryophyllum, Sedum, Sempervtvum andE8cheveriawerefoundto contain between 3-8 and 12-8 % (-)i8ocitric acid (calculated for dry weight).
7. The diurnal changep in titratable acidity in leaves of Bryophyllum calycinum and Sedum praealtum were found to be chiefly dub to changes in the malic acid concentration.
